The precipitation of TiN during solidification and holding at 1 400°C has been studied in an Fe-10mass%Ni alloy as a function of initial contents of Ti and N and holding time. Dendritic and nondendritic (globular cell) zones are observed under the condition of the undercooling of 5 to 35°C. The number of particles per unit area, N A , in nondendritic zone is significantly smaller than that in dendritic zone and the N A values in both zones increase with holding time. The values for mean particle diameter,d A , remain unchanged in dendritic zone with holding time, while thed A values decrease with holding time in nondendritic zone. In dendritic and nondendritic zones, the degree of precipitation of TiN particles increase with increasing area fraction of solid, f S , and the degree of precipitation depends on initial contents of Ti and N. Thed A value in nondendritic zone, which is independent of f S , is larger than that in dendritic zone at zero holding time for a given initial content.
Introduction
It has been recognized that the size of TiN particles crystallized at interdendritic regions during solidification is significantly larger than that of TiN particles (Ͻ0.1 mm) precipitated at around 1 300°C during heat treatment of as-cast specimen. Kunze et al. 1) observed that the precipitation of a rod-like TiN particle composed of platelets with diameter of 0.15 mm in an Fe-0.06mass%Ti-0.016mass%N alloy occurred when the supersaturated interdendritic region solidified at 1 300°C. It has been confirmed experimentally that the degree of microsegregation is influenced by the solidification mode such as columnar and equiaxed dendrites, and the degree of microsegregation at equiaxed zone is higher than that at columnar zone. 2, 3) However, the precipitation of TiN particles due to the microsegregation of Ti has not been systematically studied in view of solidification mode.
In the present study, the precipitation of TiN particles during solidification and holding at 1 400°C has been studied in an Fe-10mass%Ni alloy on the condition that suspended oxide particles are removed as much as possible. Based on these results, the influence of initial contents of Ti and N, solidification mode (columnar dendrite and globular cell) and holding time at 1 400°C on the size distribution of TiN particles and their morphology has been discussed.
Experimental

Procedure
Experiments were carried out in an induction furnace (100 kHz) with a graphite susceptor. The temperature was controlled by a PID controller and was measured by a Pt-6mass%Rh/Pt-30mass%Rh thermocouple within Ϯ2°C. A charge was prepared by mixing high pure electrolytic iron (99.99 mass%) and globular Ni (99.97 mass%) to obtain an overall composition of Fe-10mass%Ni. The sample (70 g) was melted at 1 600°C in an alumina crucible under the 50vol%N 2 -46.5vol%Ar-3.5vol%H 2 atmosphere (300 ml/min) for 20 min. An alloy (Fe-50mass%Al or Fe50mass%Zr), which was prepared in an arc furnace under an Ar atmosphere, or a Ni-10mass%Mg alloy, which was prepared in an induction furnace at 1 300°C, was added for deoxidation and immediately the melt was stirred manually by an alumina rod for 10 sec for homogenization. The sample was held for another 60 min in order to remove primary inclusions and then, an Fe-20mass%Ti alloy was added in an appropriate proportion (0.1 or 0.01% Ti in an Fe10mass%Ni alloy), followed by immediately stirring for 10 sec by an alumina rod. The sample was cooled to 1 400°C at the rate of 0.70°C/s by using a PID program controller and was held for 0 or 60 min, followed by quenching in water. The cooling rate was obtained from the slope in cooling curve.
Microscopic Observation
The surface of a vertically sliced specimen was polished with 80 through 2 400 grade emery paper, followed by final polishing with SiO 2 powder (0.1 mm). In order to study the behavior of inclusion dispersion during solidification and holding at 1 400°C, the following method was used: The precipitated particles on a polished cross-section could not be observed after etching with Oberhöffer solution. Therefore, after etching a polished cross-section with this solution, marks were made in dendritic and nondendritic zones by scratching, and the solidification microstructure was observed. This cross-section was polished again in order to observe the particle distribution in the marked region. The correlation between particle distribution and solidification microstructure was studied by superimposing two photomicrographs taken after etching and polishing again at the marked region. The number, size, composition and morphology of precipitated particles were obtained by SEM with EPMA-EDX with a magnification of 3000. The observed areas of dendritic and nondendritic zones were 0.20 to 0.45 mm 2 . Total number of the observed particles was 9 to 92 for dendritic zone and 8 to 58 for nondendritic zone. The size of particles, d A , was estimated as the diameter of circle with the same area of a sectioned particle by using a semiautomatic image analyzer. The particle composition was determined by EPMA-EDX. The position of each particle was co-ordinated by X and Y, and the particle map was made by computer processing. The number of particles per unit area and particle size were determined as a function of area fraction of solid which is explained as follows: In dendritic solidification the solidification cell unit a in the revealed dendrites on a cross-section, which are schematically shown in Fig. 1(a) is divided into 10 zones with the same area, as shown in Fig.1(b) . In this case solidification assumes to occur by keeping the ratio of primary to secondary arm spacings constant. In nondendritic solidification the irregular pentagons which are shown in Fig. 1(c) are divided into 10 zones with the same area, as shown in Fig. 1(d) . The aforementioned inclusion map is superimposed with the solidification unit. The numbers of the measured solidification unit in dendritic and nondendritic zones are 2 to 4 and 3 to 7, respectively, for the measurement of particle distribution as a function of area fraction of solid. These measurements were made for the area in respective solidification zones where the etched dendrite trunks and branches in dendrite or globular cells in nondendrite have nearly the same etched area.
Chemical Analysis
For the determination of soluble and insoluble M, a metal sample (0.2 to 0.4 g) was dissolved with 4% MS (4% methyl salicylate-1% salicylic acid-1% tetramethelammonium chloride-methanol) for Al and Zr deoxidations, and 2% TEA (2% triethanol-1% tetramethelammonium chloride-methanol-(0.1 to 0.2%) Ba) for Mg deoxidation by using an electrolytic extraction method. More details are given elsewhere. 4) After filtration the residue and solution were analyzed by inductively coupled plasma (ICP) emission spectrometry. Total oxygen and total nitrogen were determined by inert gas fusion infrared absorptiometry 5) and ion chromatography, 6) respectively. In the experiments where the melt was deoxidized with an Fe-50mass%Al alloy (Exp. Nos. 1, 2, 5 and 6), the content of insoluble Al is negligibly small and does not exceed 10 Since the particles consisted of TiN, TiNϩM x O y , and M x O y (MϭTi, Al, Mg and Zr) the chemical composition of particles was determined by EPMA-EDX by using a magnification of 3 000. This leads to a limited observation area (0.2 to 0.45 mm 2 ). For this reason, the inclusion compositions were cross-examined based on the analyzed contents of insol.M, insol.Ti and T.O. By using the contents of insol.
Al and insol.M, the content of insoluble oxygen as Al 2 O 3 and
where M i is the atomic weight of i component, and x and y are the atomic numbers corresponding to M x O y , respectively. In order to study the existence of titanium oxide particles, the content of insol.O as Al 2 O 3 , M x O y and Ti 2 O 3 or Ti 3 O 5 can be estimated from the contents of insol.Al, insol.M and insol.Ti by using the following relation: Ϫ4 % 2 , actually no titanium oxide is observed based on the results obtained by EPMA-EDX.
Solidification Structure
The globular cell and columnar dendrite (no equiaxed dendrite) were observed in the present study. The details of globular cell, which is denoted by nondendrite in this arti- cle, are already given elsewhere. 4) It was observed that the area fraction of dendrite at the observed cross-section was 20 to 40% except for that in Exp. No. 1. Figure 6 shows typical photomicrograph for the solidification structure of the longitudinal cross section revealed by Oberhöffer solution, illustrating the columnar dendrite and globular cell along with the hole located in the centre part of the ingot. The columnar dendrites develop from the top toward the upper part of the hole and are surrounded by globular cells, in which each cell solidifies from one nucleus. It is considered that the density of solidification nuclei in columnar dendrite zone is smaller than that in globular cell zone, since each columnar dendrite also develops from one solidification nucleus.
The cooling curves were measured by inserting the thermocouple to the positions of 2, 12 or 17 mm apart from the crucible bottom wall. The position of 2, 12 and 17 mm correspond to the globular cell zone, the boundary between columnar and globular cell zone, and the columnar dendrite zone, respectively. The results are shown in Fig. 7 , in which the value for recalescence, DT, between the temperature, T N , at which the melt nucleates and the maximum recalescence temperature, T R , at 2, 12 and 17 mm positions are 40, 35 and 20 K, respectively. The difference in the recalescence, DT, can be explained by the fact that the densities of solidification nuclei in dendritic and nondendritic zones are different, which results in the different effect due to the heat of fusion in the adiabatic solidification during recalescence. It can be seen that the temperature of the 17 mm position for a given time after recalescence is about 40 K lower than those for the 2 and 12 mm positions which are nearly the same temperature. These results suggest that the upper part of ingot has high thermal gradient and, therefore, the columnar dendrites develop from the top to the centre part.
Based on the values of the primary arm spacing, d 1 , given in Table 2 , the cooling rate (Ṫ) was estimated from the following relation: By using the present values for d 2 given in Table 2 , the cooling rate was estimated as Ṫ ϭ0.06-0.28 K/s. The cooling rate in globular cell zone was evaluated from the relationship between globular cell diameter and local solidification time, q, obtained by Kattamis and Flemings 12) for an Fe-25mass%Ni alloy. The cooling rate was obtained from the relation Ṫ ϭdT/q, where dT is the freezing range which is 10 K for an Fe-10mass%Ni alloy. The cooling rate for globular cell zone was obtained asṪϭ0.14-0.32 K/s, which is approximately equal to that observed for columnar dendrite zone.
Particle Density and Mean Particle Size in Dendritic and Nondendritic Zones
The observation area, number of particles per unit area, N A , and mean primary, d¯1, and secondary, d¯2, dendrite arm spacings, and globular cell diameter, d¯are given in Table 2 . The globular cell size was found to be independent of the location in nondendritic zone. The primary and secondary dendrite arm spacings were measured at 3 to 4 mm apart from the top surface, which was nearly the centre of dendritic zone.
The The influence of holding time at 1 400°C on the precipitation of TiN was studied as a function of holding time. The mean diameter and particle number per unit area for the TiN and TiNϩM x O y particles are plotted against holding Table 2 . Particle characteristics, primary and secondary dendrite arm spacing and globular cell size. Ϫ4 % 2 (Exp. Nos. 5 through 7). These results suggest that the precipitation behavior of TiN particles in dendritic solidification is basically different from that in nondendritic solidification. More detailed discussion will be given in Sec. 3.7. 
Particle Size Distribution in Dendritic and
Precipitation of TiN Particles during Solidifica-
tion. The precipitation of TiN particles was studied by measuring the size and number of particles in a given solidification cell unit divided by ten shown in Fig. 1 . The numbers 
Morphology of Particles
In the present study, the morphology of particles is classified into polyhedral, irregular and clustered shapes, as shown schematically in The size of polyhedral particles with about 1 mm is independent of holding time and area fraction of solid in dendrite solidification. However, the size of polyhedral particles in nondendritic solidification at 60 min is smaller than that at 0 min in the range of f S Ͼ0.7. The reason for this is considered to be that the polyhedral particles change to the irregular and/or clustered particles and/or that the small particles with about 1 mm precipitate or grow with holding time. However, the size of irregular and clustered particles in dendritic solidification, which is independent of holding time and f S , is higher than that in nondendritic solidification, although the data points scatter considerably. the particle number, the number of polyhedral, irregular and clustered particles in dendritic solidification is higher than that in nondendritic solidification for a given f S and holding time. The number of polyhedral particles remain almost unchanged, but that of irregular and clustered particles increases with holding time. 2) With respect to the particle size, the d A values for all particles except for polyhedral particles at zero holding time in nondendritic mode are independent of holding time and area fraction of solid. The values for irregular and clustered particles in dendritic solidification are smaller than those in nondendritic solidification. 3) With respect to particle distribution, the polyhedral particles in both solidification are distributed uniformly in the whole range of f S irrespective of holding time except for f S Ͼ0.8 in nondendritic solidification. However, the N A values of irregular and clustered particles increase considerably in the range of f S Ͼ0.6, except for those obtained at zero holding time in nondendritic solidification. As a result of aforementioned different precipitation behavior, it is observed that the N A values in dendritic zone are higher than those in nondendritic zone, and the d A values in dendritic zone are smaller than those in nondendritic zone, as shown in Fig. 10 .
Difference in Precipitation Behavior
The size and number of TiN particles precipitated during solidification were calculated as a function of volume fraction of solid, f S , by using the microsegregation model. The solute distribution in solid and liquid phase during unidirectional solidification was obtained by Ueshima et al. 13) using the direct finite difference method. In this study the segregation profile of Ti was obtained from this method by assuming that dendritic solidification occurred by keeping the d 1 The velocity of the solid/liquid interface, R, in the present dendritic and nondendritic solidification was estimated as follows: The local solidification time, q, in dendritic solidification was obtained as 36 to 164 sec from the relation qϭdT/T˙, using the Ṫ value estimated from the d 2 value in Sec. 3.2 and the freezing range (10 K). The R value was obtained as 0.52 to 1.6 mm/s from the relation RϭL/q (Lϭd 2 /2). The R value for nondendritic solidification was obtained as 1.9 to 2.3 mm/s from the relation RϭL/q (Lϭd/2), using the values for globular cell diagram, d, and local solidification time, q, estimated in Sec. 3.2. From these results, it is said that the R value in dendritic solidifi- 
